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doi:10.1016/j.ejvs.2010.01.008Abstract Objective: Improved maintenance of endothelial function and higher viability of
saphenous vein grafts stored in a complex tissue culture medium (TCM) have been demon-
strated. This article studies the biomechanical properties of saphenous vein segments.
Design: Biomechanical properties of 72 saphenous vein segments remaining from coronary
bypass grafting of 32 patients have been studied after different storage procedures.
Materials: The materials studied included fresh segments, segments stored in a cooled
conventional physiological salt solution (normal KrebseRinger (nKR)) for 1e2 weeks,
segments stored in a cooled chemically defined TCM (X-Vivo) for 1,2,3 and 4 weeks and
segments cryopreserved for a few weeks.
Methods: Specimens were cannulated at both ends and pressureediameter curves were re-
corded in the 0e85-mmHg range in nKR with 10 mM norepinephrine added to induce
maximum smooth muscle contraction, as well as in Ca2þ-free medium to induce full relax-
ation. Tensile strength was checked at 300 mmHg. Distensibility, elastic modulus and active
strain were computed.
Results: Segments stored in nKR dilated morphologically, their distensibility decreased and
they lost their ability to contract (1.5  0.7% from 10.1  1.5% of control) in 1 week. The
TCM-stored segments preserved their contractility until 1 week, and this parameter only
slowly decreased afterwards (first week, 11.5 7.3%; fourth week, 3.9 0.6%). There was
a slight decrease in wall thickness but the lumen diameter was not affected. The elastic
parameters of these segments were practically identical to those of fresh segments.
Cryopreserved segments narrowed morphologically, their wall thickened and contractility
diminished.210 0290/60317; fax: þ36 1334 3162; mobile: þ36 20 586 1406.
.hu (G.L. Na´dasy).
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Maintained Biomechanics of Saphenous Grafts Stored in TCM 89Conclusions: Storage in TCM helps preserve the passive and active biomechanical properties of
human saphenous vein segments. Suchproperties canbeexpected to improvegraft tissueviability.
ª 2010 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Introduction
Freshly removed saphenous vein segments are preferred as
autotransplants formanycentral andperipheral arterial bypass
operations. Stored human autologous or allogenic homografts
are advised when no viable removable saphenous vein
segments could be identified, in re-operations,8 infected leg13
or infected aortic18 pathology, in certain situations in paedi-
atric heart surgery27 and traumatic arterial injury.17 The
common techniques used for saphenous vein storage, namely
cryopreservation and cooled preservation in physiological salt
solutions,28 are far from being unproblematic. While
cryopreserved arteries maintain their viscoelastic proper-
ties,1e3,22 this isaccompaniedbysubstantial cellulardamage.10
Vascular segments kept in phosphate-buffered saline (PBS)
produce sufficient patency rates21 but NO production is lost in
60 min,23 contractility diminishes in 4 h,4,5,25,26 and the endo-
thelial cell lining is shed in 3 days.25,26 Cold storage results in
acellular grafts after 4 weeks.6e8 Further improvements could
be reached by employing the University of Wisconsin solution
(high-lactobionate solution with starch colloid), contractility
could bemaintained up to 7 days, themorphological intactness
of the endothelial cell layer up to 9 days24e26,28 and the endo-
thelial acetylcholine (ACh)-induced NO production at least for
24 h.4,5 Notwithstanding, primary and secondary patency rates
of cold-stored segments kept in the University of Wisconsin
solution forw5 days were still not sufficient.19 Several further
improvements for cold-storage solution have recently been
suggested.23,28 Galambos et al.14,15 have reported mainte-
nance of endothelial cell viability as proved by the methyl-
tetrazolium reduction test up to 6 weeks in segments stored
in a complex tissue culture medium (TCM).
Biomechanical properties (passive and active) are
important components of graft viability.4e8 As no system-
atic overview of the effects of storage conditions on the
passive and active biomechanical properties of human
saphenous vein segments is available, we decided to
compare the passive geometry, elasticity and the ability for
active contraction of venous segments cold-stored for
different periods in physiological saline solution and in
a complex TCM. The study was complemented with
measurements on cryopreserved segments.
Our investigations were intended to answer two main
questions: how do the passive and active biomechanical
properties of saphenous vein segments alter when stored
for weeks immersed in different solutions? Does storage in
the biologically more adequate TCM yield some advantage
over more simple storage forms?
Materials and Methods
Collection of saphenous vein segments and their
storage
Saphenous vein samples were collected routinely from
patients scheduled for coronary bypass operations.Segments remaining after the operation, and longer than
40 mm, were used in this study. A total of 72 venous
segments from 32 patients were tested. Segments were
randomly distributed into eight groups: fresh segments,
those tested immediately after the operation, segments
stored in normal KrebseRinger (nKR), those stored in
physiological salt solution (nKR) solution at 0e4 C for 1 and
2 weeks after the operation, segments stored in TCM (X-
Vivo), those stored from 1,2,3 and 4 weeks after removal in
the X-Vivo solution, also at 0e4 C and cryopreserved
segments, stored for a few weeks at 140 C. The physio-
logical salt solution (nKR solution) we applied was: 119
NaCl, 4.7 KCl, 1.2 NaH2PO4, 2.5 CaCl2, 1.2 MgSO4, 24
NaHCO3, 5.5 glucose and 0.02 ethylenediaminetetraacetic
acid (EDTA) (measures in units of mmol l1). As TCM, the X-
Vivo 10 medium solution (BioWhittaker, Walkersville, MD,
US, BW04380Q) was applied. It is a serum-free, chemically
defined TCM, containing recombinant human proteins
(albumin, transferrin and insulin), phenol red (which sta-
bilises pH) as well as gentamicin as antibiotic. It has been
successfully applied for the sensitive task of maintaining
proliferating bone-marrow progenitor cells. For specimens
kept in nKR and the X-Vivo solutions, the temperature was
stabilised at 0e4 C and contact with air was restricted
with rubber caps. The segments selected for cryopreser-
vation were immersed in Euro-Collins solution (containing
antibiotics) and, as cryopreservator, dimethyl sulphoxide
(DMSO) was added gradually up to a concentration of 10%.
Freezing was also achieved gradually: initial freezing rates
of 1 Cmin1 were increased to 5 Cmin1 after reaching
40 C. The specimens were then stored in the evaporation
of liquid nitrogen ensuring temperatures of 140 to
150 C. The specimens were thawed by employing a fast
technique: they were simply immersed in nKR solution
thermostated at 37 C.9,20 The patients gave their written
consent for the storage and scientific examination of the
remaining saphenous vein segments. The programme was
approved by the Ethical Committee of Semmelweis
University (123/2006).In vitro biomechanical test
Any adhering connective tissue was removed by careful
preparation, side branches, if any, were tied up. The
segments were then immersed in thermostated (37 C) nKR
solution, bubbled with 95% O2 and 5% CO2 in the tissue
chamber of the in vitro pressure angiometer, cannulated at
both ends. Their length was uniformly extended by 10% to
mimic in vivo axial extension. The intraluminal pressure
could be controlled by a system including a pressure
reservoir and a continuous infusion withdrawal pump
(Harvard Apparatus, Holliston, MA, USA). The middle
portion of the segment was visualised by video-microscopy
using a Leica microscope, a Philips analogue video camera
and a Cole-Parmer fibre optic illuminator unit. The seg-
ment’s photograph was formed on the monitor screen.
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Figure 1 Comparison of intraluminal pressure versus inner
radius plots of human saphenous vein segments stored under
different conditions. Relaxed state of smooth muscle. a. Fresh
and stored in cooled (4 C) normal Krebs-Ringer (nKR) solution
for 1 and 2 weeks as well as cryopreserved segments (Cryo). b.
Fresh and stored in cooled (4 C) X-Vivo 10 solution for 1, 2, 3
and 4 weeks. c. Stored in cooled (4 C) nKR and cooled (4 C) X-
Vivo for 1 and 2 weeks. Significance levels of two-way ANOVA
tests are shown, *p< 0.05, **p< 0.01, ***p< 0.001. Note
morphological dilation of nKR stored segments, a reduction of
lumen of cryopreserved segments. Stored in X-Vivo solution the
lumen is practically unaltered in weeks 2-4.
90 G.F. Molna´r et al.Inner and outer diameters could be measured by the
manual setting of two calliper spots at the contours of the
segment with the aid of an analogue minicomputer con-
structed in the workshop of our department. Calibrations
were done with a Wild micrometer calibration Etalon piece.
Segments were pre-incubated at 10 mmHg for 30 min, and
then the pressure was increased in a stepwise manner (in
steps of 7.5 mmHg) from 0 up to 85 mmHg. A time period of
2 min was allowed for equilibration at each pressure level.
These measurements were repeated with 10 mM norepi-
nephrine in the bath to induce maximum smooth-muscle
contraction. Then, Ca2þ-free KrebseRinger solution was
applied, and the pressure steps repeated up to 150 mmHg.
Finally, as a specific tensile strength testing, 300 mmHg
intraluminal pressure was established and the presence of
any leaks was checked.
Biomechanical computations
The measurement of inner diameter required the specific
setting of the light pipe; these measurements were not
made at each pressure step. On such occasions, the inner
diameter was computed from the value of the outer
diameter supposing isovolumetry of the wall material.
Tangential stress was computed applying the FrankeStar-
ling equation (sZ p*ri/h, where p is the intraluminal
pressure, ri is the inner radius and h is the wall thickness).
Incremental distensibility was computed by DincZ DV/
(V*Dp), where Dinc is incremental distensibility, DV is the
lumen volume change in response to an intraluminal
pressure change of Dp and V is the initial volume. Incre-
mental elastic modulus was determined by using the
equation
EincZ2r
2
i ro=

r2o  r2i
ðDp=DroÞ
where ri and ro are the actual values of inner and outer radii
and Dro is the outer radius change in response to the
pressure change Dp. The contraction of the segments was
evaluated at each pressure level as percentage change of
the inner diameter from the fully relaxed value.
Statistical evaluation
Statistical comparisons were made with one- and two-
factor analyses of variances (ANOVAs). In certain cases,
the significance level of the correlation coefficient was also
evaluated. Values of p below 0.05 were accepted as
significantly different.
Results
Storage in the cooled physiological salt solution charac-
teristically induced a dilation of the morphological
(relaxed) diameter of the segments (Fig. 1(a)), with no
alteration in wall thickness (Fig. 2(a)). The inner radius of
controls of 1.70 0.12 mm, measured at 10 mmHg pres-
sure, increased to 1.98 0.15 mm at the end of the storage
period in nKR. There was a moderate but statistically
significant reduction in isobaric distensibility
(8.9 1.3 103 vs. 4.9 1.9 103 mmHg1, Fig. 2(b));
the elastic modulus did not change (Fig. 2(c)). The ability tocontract in response to maximum concentrations of
norepinephrine was almost fully lost at the end of the first
week (1.6 0.8% from 10.1 1.5% of fresh controls,
p< 0.01).
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Figure 2 Comparison of geometric and elastic properties of
human saphenous vein segments stored under different
conditions. a. Wall thickness (at 10 mmHg). b. Distensibility (at
15 mmHg). c. Logarithm of the elastic modulus (at 15 mmHg).
Fresh, stored for 1 and 2 weeks in cooled (4 C) nKR (marked as
1S and 2S, respectively), stored in cooled (4 C) X-Vivo solution
for 1, 2, 3 and 4 weeks (marked as 1XV, 2XV, 3XV and 4XV,
respectively) as well as cryopreserved (Cryo) segments.
Significance levels of the one-way ANOVA tests are shown
*p< 0.05, **p<<0.01. Double crosses mark statistical differ-
ence in the significance level of the correlation coefficient,
#p< 0.05, ##p< 0.01. Note reduction of wall thickness in the
X-Vivo solution, and reduced distensiblity of segments stored in
nKR.
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Figure 3 Active strain (relative reduction of inner diameter
due to contraction from fully relaxed state) of human saphe-
nous vein segments stored under different (cooled) conditions.
a. At 10 mmHg intraluminal pressure. b. At 50 mmHg intra-
luminal pressure. Symbols used are identical with those used in
Fig. 2. Note more preserved contractility in the complex tissue
culture medium.
Maintained Biomechanics of Saphenous Grafts Stored in TCM 91After thawing and incubation, the cryopreserved
segments had decreased lumen and increased wall thick-
ness (586 56 mm vs. 408 17 mm of controls, p< 0.01,
relaxed values measured at 10 mmHg intraluminal pres-
sure). Their elastic properties were maintained and their
ability to contract was not entirely lost (Fig. 3).
Segments stored in the TCM differed significantly in their
biomechanical properties from those stored in the nKR
solution. There was an initial loss of lumen diameter, which
was in contrast with the morphological dilation of the Krebs-
stored segments (Fig. 1(b) and (c)). It is remarkable that the
passive pressureeradius plots after 2 weeks of storage were
almost identical with plots of fresh segments (Fig. 1(b)). In
these segments, in contrast to the elevated wall thickness of
the cryopreserved segments, thewall thickness continuously
decreased with increasing storage time (the significance
level of the correlation coefficient was p< 0.01). In variance
with Krebs-stored segments, neither of the elasticity
changes reached the level of statistical significance. One
remarkable difference was the relative preservation of theability to contract: although there was a continuous reduc-
tion in contractility, the X-Vivo preserved segments showed
a significantly higher contractility than their Krebs-stored
counterparts (Fig. 3(a) and (b), p< 0.05 for both 10 and
50 mmHg intraluminal pressure levels).
Discussion
In a systematic biomechanical test, we found that human
saphenous vein segments show a slight morphological dila-
tion, decreased distensibility and total loss of smooth-
muscle contractility when stored in cooled physiological
salt solution for 1e2 weeks. Segments stored under cooled
conditions in the complex TCM had unaltered lumen and
a slightly decreased wall thickness, while their contractility
was partially maintained. Cryopreserved segments had
increased wall thickness and reduced lumen, their elastic
properties were unaltered and smooth-muscle contractility
was lost at higher stresses. The vascular wall of all
segments had sufficient tensile strength to resist arterial
pressures had they been applied as arterial grafts.
Cryopreserved human allogenic homografts have been
advised when autogenous vein is inadequate or unavail-
able.12,17,18 Cryopreservation in DMSO (17.5%) with bovine
serum resulted in endothelial cell blebbing, cytoplasmic
vacuolisation and disruption of cell-to-cell contacts. These
changes improved with implantation.10 Viscoelastic proper-
ties of cryopreserved human arteries were similar to those
measured in vivo or measured in vitro in fresh arteries.1e3,22
Excellent patency rates for rabbit femoral vein segments
stored in ‘cold, anoxic, buffered physiological salt solution’
for up to 4 weeks and autotransplanted into the femoral
artery, as reported by Olivier et al.,21 raised hopes for
simplified, improved storage techniques. More detailed
studies, however, have shown that cold-stored vessels in
PBS lose their endothelial function in 60 min,23 their
92 G.F. Molna´r et al.contractility diminishes in 4 h, and after 3 days the whole
endothelial cell layer is shed.25,26 Such segments gradually
lose their cellularity so that no viable cells remain at the
end of the fourth week with the connective tissue frame-
work maintained.6e8 It can even be advantageous in case of
allografts as immunogeneicity is also reduced. A recent
systemic overview of more than 4000 cases of infrainguinal
revascularisation showed that the weighted mean 1-year
cumulative patency rate was 41% for cryopreservation, 71%
for cold storage and 70% for glutaraldehyde-preserved
allografts.11 Our measurements have also proved the
passive biomechanical viability of such segments. While
contractility was lost after the first week of storage and the
segments were slightly morphologically distended, with the
exception of a moderate reduction of distensibility, basic
elastic properties and tensile strength were unaffected.
The application of the University of Wisconsin solution,
a conventional substance of cold storage of donor organs,
extended the contractility to 7 days and the morphological
intactness of the endothelium to 3 days.4,5,24e26 Eight
different solutions were compared by Wilson et al.28 Rat
aortic rings lost their ability for ACh-induced endothelial
dilation to 17% of fresh preparations when cold-stored in
saline for 24 h, while 91% of dilation capacity remained in
the Bretschneider-HTK solution, containing histidineetryp-
tophaneketoglutarate. The University of Wisconsin solution
was effective in 80%. While high-sodium lactobionate (Cel-
sior) and high-sodium gluconate (Belzer) solutions preserved
some elevated smooth-muscle contractility, there was
a significant loss of contractility in all other solutions in 24 h.
In a recent attempt, Thatte et al.23 substituted the PBS with
the reducing agents glutathione and ascorbic acid, and with
L-arginine; they succeeded in extending the endothelial
function up to 24 h. The Euro-Collins solution, a frequently
applied medium for harvesting and cold storage of donor
organs, containing pH-balanced potassium hydro- and dihy-
drophosphate and glucose, could preserve smooth-muscle
and endothelial functions if calcium was added.16 Gal-
ambos et al.14,15 suggested the application of complex TCM
as a cold-storage solution for vascular specimens, demon-
strating the extended maintenance of the endothelial
functional integrity. We studied the effect of cold storage in
a complex TCM on the active and passive biomechanical
properties of human saphenous vein segments. The X-Vivo
10 medium solution (our TCM) is a serum-free, chemically
defined solution, which also contains some recombinant
plasma proteins (e.g., albumin, transferrin and insulin) as
well as phenol red and gentamycin. The almost total lack of
immunising plasma components makes it advantageous for
maintaining the specimens intended for transplantation. It
supports the proliferation of haematopoietic progenitor
cells. Fulfilling our expectations, it maintained a substantial
level of vascular contractility up to 4 weeks of storage,
without altering the graft’s elastic properties. The exhaus-
tion of some important components, such as amino acids,
iron, vitamins and hormones, will be prevented by the
complex composition of the medium. The oncotic pressure
of the albumin component could advantageously affect
water movement in the specimen.
In conclusion, our biomechanical tests on human
saphenous vein specimens have proved that, while all
storage methods provided sufficient tensile strength,different storing techniques affect the grafts’ biomechan-
ical properties differently. Storage in physiological salt
solution for 1 week morphologically distends the segments,
diminishes contractility and decreases distensibility. Cryo-
preservation diminishes high-pressure contractility but
increases wall thickness, while no alterations in elasticity
have been found. Storage in the complex TCM preserves
contractility (and thus the smooth-muscle function) up to 4
weeks, while there is a slight reduction in wall thickness,
and no change in the elastic properties could be identified.
The maintained contractility and elasticity of segments
stored in the TCM can be expected to improve vein trans-
plant survival and patency when grafted in vivo.
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